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Abstract  (continued) 


Although  Cro^Vo^sS^and  ita  Li  intercalates  are  good  electronic 
conductors,  optimum  rate  and  rechargeability  were  found  in  electrodes  with 
15-20  weight  percent  carbon.  Because  of  this  relatively  large  amount  of 
carbon,  the  volumetric  energy  density  achieved  in  cells  has  been  signi-^.^ 
ficantly  lower  than  what  was  anticipated  at  the  outset  of  the  program.  It 
now  appears  that  for  the  ERADCOM  battery,  Cro.5VQ.5S2  may  not  offer  any  ' 
particular  advantage  over  TiS2*  However,  Cro]sVo.5S2  provides  higher  cell 
voltages.  The  mid-discharge  voltage  of  Li/CrQasVQ>5S2  cells  is  2.3V)  while 
that  of  Li/TiS2  cells  is  2.1V. 

The  major  objective  of  the  program,  development  of  a  technology 
base  for  the  construction  of  large  rechargeable  Li  cells,  has  been  accom¬ 
plished.  Cells  with  theoretical  capacities  of  10  and  20  Ah  have  been  con¬ 
structed  and  tested.  In  limited  cycle  tests,  these  large  cells  performed 
as  well  as  laboratory  test  cells. 

IT 

Preliminary  work  carried  out  in  this  program  indicated  that  the  low 
temperature  performance  of  2Me-THF/LiAsFg(1.4M)  could  be  improved  by  blend¬ 
ing  this  solution  with  ethers  such  as\THF.  A  useful  solution  appears  to  be 
50:50  THF : 2Me-THF/LiAsFg ( 1 . 5M) .  However,  further  work  is  needed  to  fully 
explore  the  practical  potential  of  this  new  area  of  study. 
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1.0  INTRODUCTION 


Recent  advances  (1-3)  in  ambient  temperature  rechargeable  Li  cell 
technology  have  made  it  possible  to  consider  potential  applications  for 
these  cells.  Some  of  the  recent  noteworthy  developments  include:  iden¬ 
tification  of  desirable  electrolyse  systems  such  as  2Me -THF/Li AsFg  (4) , 
demonstration  of  high  Li  electrode  rechargeability  in  2Me-THF/LiAsFg  with 
typical  cycling  efficiencies  of  96-97.5%  at  Li  charge  densities  of  7-10 
mAh/cm^  (5,6),  and  construction  and  testing  of  Li/TiS2*  I*i/V6°13  and 
Li/MoSj  cells  with  capacities  of  0.65  to  20  Ah  (5-8). 

The  present  study  has  been  directed  toward  the  development  of  a 
rechargeable  Li  battery  for  military  use.  The  required  specifications  of 
this  battery  are: 

Voltage  -  24V  average,  20V  cutoff 

Capacity  -  15  Ah 

Height  energy  density  -  70  Wh/kg 

Volume  energy  density  -  0.19  Wh/cm3 

Power  density  -  25  W/kg 

Operating  temperature  -  -40  to  +160°F 

Cycle  life  -  1000  cycles  target  at  60%  of  DOD. 

The  approach  has  been  to  initiate  development  of  a  battery  based  on 
existing  technology.  However,  some  of  the  specifications  of  the  battery, 
particularly  its  cycle  life  and  low  temperature  performance,  could  not  be 
adequately  met  by  existing  technology.  Therefore,  a  parallel  effort  in¬ 
volved  development  of  electrolytes  with  improved  performance  characteris¬ 
tics. 

The  present  electrolyte  of  choice  is  2Me-THF/LiAsFfi .  Among  the 
numerous  potentially  useful  positive  electrodes,  only  TiS2  (6,7)  and  VgO^ 
(5)  have  received  any  significant  development  effort.  The  energy  densities 
achieved  in  5-6  Ah,  prismatic  Li/TiS2  and  Li/VgOj^  cells  (based  on  limited 
number  of  cycles)  are  given  in  Table  1.  The  required  volumetric  energy 
density  of  the  battery  under  consideration  can  more  or  less  be  achieved  in 
the  Li/TiS2  system.  The  weight  energy  density  required  by  the  battery  can 
be  achieved  in  both  the  Li/TiS2  and  Li/VgOj^  systems. 

An  interesting  positive  electrode  material  worthy  of  consideration, 
but  which  has  received  only  limited  attention  so  far,  is  Cro.5vo.5s2  19) • 
This  material  apparently  has  structure  and  properties  similar  to  those  of 
TiS2*  Based  on  limited  results  with  0.5  Ah  cells  (9),  Cro.5vo.5s2  i®  poten¬ 
tially  capable  of  outperforming  TiS2  by  10-20%  in  both  volumetric  and  grav- 
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imetric  energy  densities  at  low  to  medium  rate  (10-20  hr  rate)  discharges. 
This  significant  difference  results  from  its  higher  cell  voltage;  an  OCV  of 
—2.7V  and  a  mid-discharge  voltage  of  —2.4V  at  the  10-20  hr  rate.  However, 
cells  with  this  material  had  not  been  optimized  with  respect  to  rate  or 
rechargeability. 

In  this  report  we  present  the  results  of  a  one  man-year  study  of  the 
Li/2Me-THF,  LiAsFg/Cro, 5V0< 5S2  system.  The  various  aspects  of  the  study 
have  been:  synthesis  and  characterization  of  Crot5Vg,5S2;  optimization  of 
practical  cathodes  with  respect  to  rate  and  rechargeability;  improvement  of 
low  temperature  performance  of  the  cells;  and  construction  and  testing  of 
large,  10  and  20  Ah  theoretical  capacity,  flat  plate  cells. 


2.0  SYNTHESIS  AND  CHARACTERIZATION  OF  CrQ.5V0.5S2 


The  synthesis  o£  CrQ . 5V0.5S2  was  accomplished  according  to  the  reac¬ 
tions  depicted  in  equations  1  and  2. 

H2S 

Li2C03+  0*5Cr2°3  +  0*5v2o5  ~jqq5^  2LiCr0 . 5v0 . 5s2  +  U) 

(volatile  products)* 


CH3CN 

2LiCr0.5v0.5s2  +  12  ~  Cr0.5v0.5s2  ♦  2LiI  <2> 


It  was  characterized  by  X-ray,  SEM  and  conductivity  data. 
2.1  Synthesis  of  Cro.5VQ.5S2 


In  a  preparation,  a  well  ground  mixture  consisting  of  9.5g  (0.052 
mole)  V205,  7 . 9g  (0.052  mole)  Cr203  and  7.7g  (0.104  mole)  Li2C03  was  placed 
in  a  graphite  boat  which  in  turn  was  introduced  into  a  quartz  tube.  While 
maintaining  a  H2S  flow  (-25  cc/min)  over  the  oxide  mixture,  the  quartz 
tube  was  heated  at  700°C  for  ~16  hr.  The  air  sensitive  Li.CrQ_5V0.5S2  was 
obtained  as  a  black  powder.  The  material  was  delithiated  by  treatment  with 
an  excess  of  0.4N  I2/CH3CN  solution  for  24  hrs.  The  delithiated  product 
was  washed  several  times  with  CH3CN  and  dried  in  vacuum  initially  at  25°C 
and  then  at  160°C. 

2.2  X-Ray  Analysis  of  CrQ.5VQ.5S2  and  LixCrQ.5VQ.5S2 


The  Debye-Sherrer  X-ray  diffraction  patterns  of  the  relevant  ma¬ 
terials  are  given  in  Tables  2  and  3. 

The  X-ray  data  of  Cro.5Vo.5S2  are  consistent  with  a  layered  IT  Cdl2~ 
type  structure  with  aQ  =  3.2  a  and  C0  ■  5.71  A.  The  lithiated  products, 
prepared  either  by  the  high  temperature  reaction  according  to  equation  1  or 
electrochemically  in  Li  cells,  both  exhibit  X-ray  patterns  indicative  of  Li 
intercalates. 

Practically  all  the  Li  in  LiCro.5VQ.5S2  can  be  removed  either  by 
treatment  with  a  CH3CN/l2  solution  or  by  electrochemical  oxidation  to  3V 
versus  Li+/Li  (vide  infra) .  The  cathode  reactions  involve  intercalation- 
deintercalation  processes  as  depicted  in  equation  3. 

Cro.5Vo.5S2  +  Li+  +  e~  discharge^  LiCrQ.5VQ.5S2  (3) 

■^charge 


♦The  volatile  products  have  not  been  characterized;  hence  the  unbalanced 
equation.  However,  the  stoichiometric  reaction  may  be,  Li2C03  +  0.5Cr2O3  ♦ 
0.5V2O5  +  5H2S  -*•  2LiCro.5Vo.5S2  +  CO2  +  5H20  +  S. 
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Debye-Sherrer  X-Ray  Pattern  of  Cro.5VQ.5S2 
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Fig.  2.  The  SEM  of  Cro.5Vo.5S2-  Magnification  10,OOOX 
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Scanning  electron  micrographs  of  LiCro.5vo.5s2  (Pupated  as  in  equa¬ 
tion  1)  and  Cro.5Vo.5S2  are  shown  in  Figures  1  and  2.  The  LiCro.5Vo.5S2  is 
composed  of  relatively  large  and  somewhat  porous  particles  which  upon  deli- 
thiation  with  CH3CN/I2  is  converted  to  the  very  small  crystals  of  Cro.5Vo.5S2 
The  latter  appears  to  have  an  average  particle  size  of  1-2  pm. 

2.4  Electronic  Conductivity  of  Cro.5v0.5s2  an<1  I*ixt'r0.5v0.5s2 

We  have  determined  the  electronic  conductivities  of  Cro.5Vo.5S2  and 
LixCro.5Vo.5S2,  where  x  *  1  and  0.77,  and  their  various  mixtures  with  C 
(Shawinigan  50%  compressed)  and/or  Teflon  by  a  four-point-probe  method. 

The  samples  were  fabricated  into  pressed  pellets  of  3.2  mm  diameter  and  1- 

1.5  mm  thickness  by  pressing  the  material  in  a  stainless  steel  die  at  a 
pressure  of  -900,000  psi.  The  resistivities  were  obtained  from  the  slope 
of  least-square  fitted  current-potential  curves  of  the  type  shown  in  Figure 
3,  after  applying  a  correction  factor  for  the  thickness  of  the  pellet.  The 
data  for  the  various  samples  are  given  in  Table  4.  The  conductivity  of 
Cr0.5vo.5s2  is  10 >64  (ohm  cm)*1,  showing  that  the  material  is  a  good  elec¬ 
tronic  conductor.  This  conductivity  is  of  the  same  order  as  that  found  in 
TiS2-  The  conductivity  of  the  sample  containing  10  w/o  Teflon  is  slightly 
lower,  i.e.,  7.5  (ohm  cm)"1.  Furthermore,  the  conductivities  of  samples 
with  increasing  amounts  of  carbon  decrease  slightly  and  reach  a  minimum  in 
the  sample  containing  70  w/o  CrQ.5V0.5S2,  20  w/o  C  and  10  w/o  T  (Fig.  4). 

This  latter  effect  is  probably  due  to  increasing  pellet  porosities  and/or 
creation  of  more  grain  boundaries  with  increasing  amounts  of  carbon. 

The  conductivity  data  seem  to  indicate  that  the  Cro.5Vo.5S2  cathode, 
in  principle,  should  exhibit  acceptable  electrochemical  behavior  without 
conductivity  enhancing  additives.  However,  the  data  presented  later  in 
this  report  would  show  that  about  15-20  w/o  carbon  in  the  cathode  matrix  is 
required  for  optimum  rate  and  rechargeability  characteristics. 
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Fig.  3.  Least  squares  plot  of  current-potential  for  the  Cro .5V0.5S2 
pellet. 


.lame  g 

Electronic  Conductivity  Data 


Specific 


Sample 

Resistivity 
(ohm -cm) 

Conductivity 

(ohm-cm) 

Ct0.5v0.5s2  <cvs> 

0.094 

10.64 

90  w/o  CVS,  10 

w/o  Teflon  (T) 

0.134 

7.46 

80  w/o  CVS,  10 

w/o  C,  10  w/o  T 

0.291 

3.44 

70  w/o  CVS,  20 

w/o  C,  10  w/o  T 

0.357 

2.80 

60  w/o  CVS,  30 

w/o  C,  10  w/o  T 

0.338 

2.96 

LiCr0.5v0.5S2 

(LCVS) 

0.175 

5.71 

90  w/o  LCVS,  10  w/o  T 

0.262 

3.82 

80  w/o  LCVS,  10  w/o  C,  10  w/o  T 

0.340 

2.94 

70  w/o  LCVS,  20  w/o  C,  10  w/o  T 

0.397 

2.52 

90  w/o  Lio. 77Cro5V0  5S2,  10  w/o  T* 

0.642 

1.56 

70  w/o  CVS,  10 

w/o  TiS2»  10  w/o  C,  10  w/o  T 

0.111 

9.01 

•Electrode  from  a  cell  after  the  first  discharge  to  1.6V. 
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30%  C 
10%  T 
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20%  C 
10%  T 


10%  C 
10%  T 


O'#  CR0.5V0.5S2 
□  /  ■  L1CR0.5V0.5S2 


0%  c 

10%  T 


0%  C 
0%  T 


70  80  SO  100 

Wgt  %  OF  CRQ.5V0.5S2  OR  HCRO.5V0.5S2 


Fig.  4.  Resistivity  vs.  weight-percent  of  Cro.5Vo.5S2  or 
LiCro.5Vo.5S2  for  pressed  pellets. 
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3.0  LiZCro.5Vo.5S2  CELL  STUDIES 


The  cathodic  behavior,  including  rate,  rechargeability  and  low  tem¬ 
perature  performance,  of  Cro.5Vo.5S2  was  evaluated  in  cells  of  the  type, 

Li/Organic  electrolyteZCr0.5V0.5S2,  C 

Typically,  the  electrolyte  was  2-methyl-tetrahydrofuran  ( 2Me-THF) ZLiAsFg ( 1 . 4M) 
However,  because  of  the  limited  low  temperature  capability  of  2Me-THPZLiAsPfi 
(1.4M)  (6),  potentially  useful  alternatives  with  improved  low  temperature 
capabilities  have  been  explored.  Cells  with  two  such  electrolyte  systems 
are  discussed  later  in  this  report. 

3.1  General  Experimental 

3.1.1  Preparation  of  Electrolyte 

2-methyl  tetrahydrofuran,  obtained  from  Aldrich  Chemical  Company, 
was  distilled  over  CaH2  on  a  spinning  band  fractionating  column  (Perkin- 
Elmer  251)  in  an  Argon  atmosphere  at  a  5:1  reflux  ratio.  The  middle  70% 
fraction  was  collected.  A  1.4M  LiAsFg  electrolyte  was  prepared  by  adding 
an  appropriate  amount  of  LiAsPg  (U.S.  Steel  Agri-Chemicals,  electrochemical 
grade)  to  cooled  (<0°C)  2Me-THF.  The  cooling  is  necessary  to  minimize 
possible  decomposition  (5).  The  electrolyte  was  further  purified  by  the 
APA  procedure  (4).  Typically,  the  electrolyte  prepared  in  this  manner 
exhibited  thin  plate  (1  coulZcm^)  Li  cycling  efficiencies  of  95-96%. 

3.1.2  Cathode  Preparation 

Cathodes  were  prepared  as  pressed  powder  electrodes.  An  intimate 
mixture  of  CrQ.5V0.5S2,  carbon  (Shawinigan,  50%  compressed)  and  10  v/o 
Teflon  was  prepared  in  a  blender.  The  ratio  of  the  disulfide  to  carbon  was 
varied  in  the  optimization  studies.  The  optimized  cathodes  contained  15-20 
wZo  carbon  and  10  w/o  Teflon.  The  mixture  was  pressed  on  either  side  of  an 
expanded  Ni  screen  (Exmet  Corporation,  5Ni  7-4Z0)  at  a  pressure  of  ~2000 
lbsZin^.  The  electrodes  typically  had  a  thickness  of  1-1.25  mm. 

3.1.3  Test  Cells 

Most  of  the  experiments  were  carried  out  in  a  laboratory  test  cell, 
packaged  in  soft-sealed  D-size  cell  cans,  in  these  cells,  the  electrode 
package  comprised  one  cathode  flanked  on  either  side  by  a  Li  electrode.  The 
cathode  was  wrapped  in  two  layers  of  Celgard-2400  (Celanese  Corporation) 
polypropylene  separators  and  the  separator  was  heat-sealed  on  the  periphery 
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of  the  electrode  to  form  a  bag.  The  Li  electrode  was  fabricated  usually 
from  a  15  mil  thick  Li  foil  obtained  from  Foote  Mineral  Company  and  pres¬ 
sing  the  foil  on  one  side  of  an  expanded  Ni  screen.  Bach  electrode  had  an 
area  of  9.4  cm2  (2.5  x  3.75  cm)  per  side.  The  total  cathode  area  per  cell 
was  ~19  cm2.  A  polyethylene  disk  1.250”  dia  x  0.005"  thick,  is  placed  at 
the  bottom  of  the  Ni  plated  cold  rolled  can  for  electrical  insulation.  The 
electrode  package  is  sandwiched  between  two  Teflon  hemi-cylinders  and  this 
assembly  is  inserted  into  the  can  with  both  electrode  leads  projecting 
upward.  A  stainless  steel  shim  is  wedged  between  one  hemi-cylinder  and  the 
inside  wall  of  the  can  such  that  maximum  compression  is  applied  to  the 
electrode  pack  by  the  spring  action  of  the  shim.  The  electrode  leads  are 
then  spot  welded  to  the  tab  connections  on  the  cover  assembly.  The  cell 
was  completed  with  an  appropriate  amount  of  2Me-THF/LiAsFg  (1.3-1.5M).  The 
cell  was  sealed  by  means  of  an  0-ring  between  the  cover  and  the  lip  of  the 
can.  Electrical  leads  were  taken  through  a  Conax-fitting  on  the  cover 
assembly.  A  schematic  of  the  assembled  cell  is  shown  in  Figure  5. 

In  some  cases,  the  cells  were  hermetically  sealed.  Electrolyte 
filling  of  such  cells  was  achieved  through  the  glass-metal  sealed  fill-tube 
on  the  cover  assembly  by  vacuum  techniques. 

Ne  have  also  built  10  and  20  Ah  theoretical  capacity  cells.  Details 
of  these  cells  are  given  in  Section  4. 

3.2  Cathodic  Behavior  of  Ctp.5VQ.5S2 


Initial  studies  of  the  discharge  and  cycling  behavior  of  Cro.5Vo.5S2 
were  carried  out  with  cathodes  of  the  composition  80  w/o  Cro.5Vo.5S2/  10 
w/o  (Shawinigan)  C  and  10  w/o  Teflon.  This  cathode  composition  was  arbi¬ 
trarily  chosen.  The  specifications  of  the  cell  employed  in  these  studies 
are  given  in  Table  5. 

3.2.1  Low  Rate  Galvanostatlc  Cycling  of  Li/Cro.5Vo.5S2  Cells 

Typical  cycles  of  Cell  No.  TB-5-CVS  obtained  at  0.5  mA/cm2  are  shown 
in  Figure  6.  The  voltage  limits  are  1.6V  for  discharge  and  3.0V  for  charge. 
The  discharge  and  charge  show  gradually  sloping  potential  profiles.  There 
are  no  breaks  in  the  discharge/charge  curves  indicative  of  more  than  one 
LixCro.5Vg.5S2  ternary  phase.  The  first  discharge  corresponds  to  a  cathode 
utilisation  of  0.8  LiZCrg.5V0.5S2.  The  recharge  to  3.0V  is  100%  efficient. 
There  are  no  significant  changes  in  the  cathode  utilization  in  the  first 
five  cycles,  performed  at  0.5  mA/cm2.  The  cathode  utilization  and  cycling 
behavior,  especially  at  higher  current  densities,  depend  on  the  amount  of 
carbon  in  the  cathode  maxtrix  (see  later). 
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fig.  5.  Schematic  representation  oi  soft-sealed  laboratory 
test  cell. 
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Cycle  No. 


Cr0.5v0.5s2»  10  w/°  c»  10  w/o  Teflon. 


3.2.2  Rate/Capacity  Behavior 

Preliminary  studies  of  the  rate/capacity  behavior  of  Cro.5Vo.5S2  was 
evaluated  potentiostatically  with  Cell  No.  TB-4-CVS.  The  potential  for 
discharge  was  1.8V  and  for  charge  3.0V.  The  potentiostatic  cycling  data 
are  shown  in  Figure  7,  plotted  as  capacity  versus  current  density.  The 
data  show  that  capacities  greater  than  0.5  Li  per  Cro.5Vo.5S2  are  possible 
at  current  densities  <4  mA/cm2.  However,  there  is  a  noticeable  difference 
in  the  rates  of  discharge  and  recharge.  The  recharge  rate  capability  ap¬ 
parently  is  lower  than  that  of  the  discharge. 

The  cathode  utilizations  {Fig.  8)  achieved  galvanostatically  in  the 
two  cells  in  Table  5  at  current  densities  between  0.25  and  2.0  mA/cm2  are 
in  agreement  with  the  potentiostatic  data.  However,  the  data  presented 
later  will  show  that  the  utilizations  which  can  be  achieved  at  current 
densities  >2  mA/cm2  depend  upon  the  amount  of  carbon  in  the  cathode. 

3. 3  Cathode  Optimization  Studies 

Cells  were  built  with  cathodes  containing  various  amounts  of  carbon. 
The  specifications  of  these  cells  are  given  in  Table  6.  Two  cells  were 
built  also  with  10  and  30  weight-percent  of  TiS2»  The  latter  was  done  on 
the  basis  of  a  recent  report  from  Exxon  Corporation  (10)  showing  improved 
rate  capabilities  for  low  rate  intercalation  cathodes  such  as  M0S3  in  the 
presence  of  small  quantities  of  TiS2- 

The  capacities  obtained  as  a  function  of  current  density  for  each 
cathode  composition  were  used  as  the  criterion  for  selecting  the  optimum 
cathode  composition  for  further  studies. 

3.3.1  Room  Temperature  Rate-Capacity  Behavior  of  LiZCro.5Vo.5S2 
Cells  Versus  Cathode  Composition _ 

Room  temperature  discharge  capacities  of  each  cell  were  evaluated  at 
current  densities  between  0.5  and  4  mA/cm2.  The  data  were  obtained  by 
discharging  the  cell  successively  at  the  current  densities  of  0.5,  1,  2,  3 
and  4  mA/cm2  with  each  discharge  followed  by  a  charge  at  0.5  mA/cm2.  All 
cells  utilized  2Me-THF/l,3M  LiAsFg.  There  were  two  wraps  of  the  separator 
between  each  electrode.  The  effects  of  electrolyte  conductivity  and  sepa¬ 
rator  thickness  on  rate/capacity  behavior  are  discussed  in  the  next  sec¬ 
tion. 


Plots  of  capacity  versus  current  density  for  the  various  cells  are 
given  in  Figure  9.  The  related  discharge  curves  for  cells  TB-8-CVS  through 
TB-12-CVS  are  given  in  Figures  10  to  14. 
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Capacity,  mAh 


Cathode  utilization,  EVCR0.5V0.5S2 


cations  of  Li/Crg. 5V0.5S2  Cells 


Shawinigan  carbon,  T  =  Teflon 


Pig.  10.  Discharge  curves  of  Cell  TB-8-CVS  at  various  current  densities. 


Discharge  curves  of  Cell  TB-9-CVS  at  various  current  densities. 


Fig.  12.  Discharge  curves  of  Cell  TB-10-CVS  at  various  current  densiti 


Discharge  curves  of  Cell  TB-12-CVS  at  various  current  densities 


There  is  a  remarkable  effect  of  carbon  content  on  Cro.5Vo.5S2  utili¬ 
zation.  In  Cell  TB-7-CVS  without  any  carbon  in  the  electrode  matrix,  a 
utilization  equivalent  to  only  0.6  LiZCro.5Vo.5S2  has  been  obtained  at  0.5 
mA/cm2.  Moreover,  at  higher  current  densities,  capacities  in  this  cell 
were  practically  non-existent. 

Cathode  utilizations,  especially  at  higher  current  densities,  in¬ 
crease  with  increasing  amounts  of  carbon.  However,  an  amount  equivalent  to 
20  w/o  appears  to  be  the  optimum  required.  The  highest  utilization  at  all 
the  four  current  densities  has  been  found  in  the  cell  with  20  w/o  carbon. 


The  cells  with  TiS2#  although  they  contained  only  10  w/o  C,  have 
performed  better  than  the  one  with  10  w/o  C  alone.  However,  at  4  mA/cm2, 
the  performance  of  the  cells  with  TiS2  is  somewhat  inferior  to  that  of  the 
cell  with  20  w/o  carbon.  In  addition,  extended  cycling  studies  (see  later) 
showed  that  cells  with  10  w/o  TiS2  do  not  perform  as  well  as  those  with  20 
w/o  carbon. 


The  electronic  conductivity  data  presented  earlier  show  that  Cro.5Vo.5S2 
is  sufficiently  conductive  to  perform  well  without  a  conductive  additive 
such  as  carbon  in  the  cathode.  Furthermore,  LiCro.5Vo.5S2  and  Lio.77Cro.5Vo.5S2 
are  nearly  as  conducting  as  Cro.5Vo.5S2.  Actually,  electrodes  with  20  w/o 
C  and  10  w/o  Teflon  have  slightiy  lower  conductivity  than  that  of  either 
Cro.5Vo.5S2  or  the  90  w/o  Cro.5Vo.5S2/lO  w/o  Teflon  mixture.  At  the  same 
time,  electrodes  with  20  w/o  carbon  and  10  w/o  Teflon  perform  better  than 
those  without  C.  It  seems  that  the  effect  of  carbon  on  the  performance  of 
the  cathodes  is  not  related  to  electronic  conductivity.  The  major  effects 
probably  are  associated  with:  (1)  higher  electrode  porosity  and  (2)  increased 
particle  to  particle  contact. 

3.3.2  Effects  of  Separator  Thickness,  Temperature  and  Electrolyte 
Conductivity  on  Rate-Capacity  of  Li/Cro.sVo.5S2  Cells 


These  studies  have  been  carried  out  with  Cells  TB-18-CVS  and  TB-19- 
CVS.  The  specifications  of  these  cells  are  given  in  Table  7.  The  cathodes 
in  these  cells  comprise  70  w/o  Cro.5VQ.5S2,  20  w/o  C  and  10  w/o  T,  the 
optimized  composition.  Both  of  the  cells  utilize  only  one  layer  of  the 
Celgard  2400  separator  between  each  anode  and  cathode.  In  Cell  TB-18-CVS, 
the  electrolyte  is  2Me-THF/1.3M  LiAsFg ;  in  Cell  TB-19-CVS,  it  is  a  solution 
of  LiAsFg (1. 5M)  in  a  50:50  THF: 2Me-THF  mixture.  The  latter  electrolyte  has 
a  conductivity  of  1  x  10-2  (ohm-cm)-2  at  25°C,  whereas  the  conductivity  of 
the  1.3M  Li AsFg/ 2Me -THF  solution  at  25°C  is  0.35  x  10-2  (ohm. cm)-2.  The 
results  with  these  two  cells  compare  the  effect  of  electrolyte  conductivity 
on  the  rate/capacity  behavior;  while,  the  results  with  TB-18-CVS  and  TB-9- 
CVS  (Table  6)  compare  the  effect  of  separator  thickness. 
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The  relevant  data  plotted  as  percent  cathode  utilization  versus 
current  density,  are  shown  in  Figure  15.  The  room  temperature  discharge 
curves  for  TB-18-CVS  and  TB-19-CVS  at  the  various  current  densities  are 
given  in  Figures  16  and  17.  The  low  temperature  (-10  and  -30°C)  discharge 
curves  of  TB-18-CVS  and  TB-19-CVS  are  given  in  Figures  18  and  19. 

At  25°C,  the  three  cells  exhibit  practically  similar  cathode  uti¬ 
lizations  at  current  densities  between  0.5  and  4  mA/cm'-.  It  appears  that 
at  25°C,  the  cathode  utilizations  at  current  densities  of  0.5-4  mA/cm2  are 
not  affected  by  varying  the  separator  thickness  from  1  mil  (1  layer)  to  2 
mil.  Similarly,  the  higher  conductivity  of  the  blended  electrolyte  does 
not  appear  to  have  an  effect  on  cathode  utilizations  at  current  densities 
up  to  4  mA/cm2.  It  should,  however,  be  noted  that  the  mid-discharge  vol¬ 
tages  of  the  cell  with  one  layer  of  the  separator  is  slightly  higher  (e.g., 

150  mV  at  2  mA/cm2)  than  those  of  the  cell  with  two  separator  layers. 

The  performance  of  Cells  TB-18-CVS  and  TB-19-CVS  was  evaluated  also 
at  -10°C  and  -30°C.  Cell  TB-18-CVS  utilizing  2Me-THF/LiAsFg  (1.3M)  exhi¬ 
bited  capacities  of  0.72  and  0.45  e'/Crg. 5VQ. 5S2  at  -10°C  at  current  den¬ 
sities  of  0.5  and  1  mA/cm2  respectively.  At  2  mA/cm2,  the  capacity  was  a 
poor  0.14  eVCrQ.5Vg.5F2*  Moreover,  this  cell  exhibited  practically  no 
capacity  at  -30°C,  even  at  current  densities  as  low  as  0.1  mA/cm2. 

The  performance  of  Cell  TB-19-CVS  containing  the  THF/2Me-THF  blend 
was  considerably  better  at  -10°C.  Thus,  a  capacity  of  about  0.7  eVCro.5Vo.5S2 
was  obtained  at  current  densities  of  1  and  2  mA/cm2  and  0.43  eVCro.5Vo.5S2 
at  3  mA/cm2.  Furthermore,  at  -30°C,  the  cell  exhibited  a  capacity  of  0.64 
eVCro.5Vo.5S2  at  0.25  mA/cm2.  These  results  indicate  that  Cro.5Vo.5S2 
itself  is  capable  of  discharges  at  practically  useful  rates  down  to  -30°C. 

We  attribute  the  poor  low  temperature  performance  of  cells  with  2Me- 
THF/LiAsFg ( 1. 3-1. 5M)  to  the  crystallizaton  from  solution  of  a  solvate  of 
LiAsFg.  In  the  50:50  THF/2Me-THF  blended  solution,  crystallization  of  the 
salt-solvent  complexes  does  not  appear  to  occur  even  at  -30°C.  In  general, 
cells  with  2Me-THF/Li AsFg ( 1 . 3-1 . 5M)  appear  to  be  of  limited  rate  capabili¬ 
ties  at  temperatures  below  0°C. 

3.4  Long-Term  Cycling  of  Cells 

In  addition  to  some  of  the  cells  shown  in  Table  6  and  both  of  the 
cells  in  Table  7,  the  cells  described  in  Table  8  have  been  used  for  long 
term  cycling  studies. 

3.4.1  Cells  TB-18-CVS ,  TB-19-CVS  and  TB-20-CVS 


These  three  cells  have  identical  cathode  compositions.  But  while 
cells  TB-18-CVS  and  TB-20-CVS  utilize  2Me-THF/LiAsFg(l. 3M) ,  Cell  TB-19-CVS 
utilizes  50:50  THF/2Me-THF/LiAsFg ( 1. 5M) .  Furthermore,  Cell  TB-20-CVS  has 
two  layers  of  the  Celgara-2400  separator  between  each  anode  and  the  cath¬ 
ode,  while  the  other  cells  have  only  one  layer  of  the  separator. 
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Discharge  curves  for  Cell  TB-19-CVS  at  25°C  at  various  current  densities 
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Inhere  CVS  -  Cro.5Vo.5S2>  C  ■  Shawinigan  carbon,  T  *  Teflon. 


The  long-term  cycling  of  Cell  TB-18-CVS  began  after  the  rate/capacity 
studies,  at  25  and  -10°C,  discussed  in  the  previous  section.  The  cell  was 
cycled  between  limits  of  1.6  and  3.1  volts  at  current  densities  of  2  mA/cm2 
for  discharge  and  1  mA/cm2  for  charge.  A  plot  of  cathode  utilization  versus 
cycle  number  is  given  in  Figure  20.  Typical  cycles  are  shown  in  Figure  21. 
The  early  cathode  utilization  of  60%  decreased  to  ~40%  by  the  95th  cycle. 
However,  when  the  current  density  was  reduced  to  0.25  mA/cm2  at  the  96th 
cycle,  the  cathode  utilization  increased  to  64%,  showing  that  the  decreasing 
cathode  utilization  with  continued  cycling  at  the  higher  rate  was  probably 
due  to  cathode  structural  factors  or  increasing  cell  resistance  rather  than 
any  degradation  of  Cro.5Vo.5S2. 


Cell  T3-19-CVS  had  also  been  subjected  to  rate/capacity  studies  at 
25,  -10  and  -30°C  as  discussed  in  the  previous  section.  The  extended  cy¬ 
cling  was  performed  between  voltage  limits  1.6  and  3.1  volts  at  a  current 
density  of  2  mA/cm2  for  both  discharge  and  charge.  The  cathode  utilization 
versus  cycle  number  plot  is  given  in  Figure  20.  Typical  cycles  are  de¬ 
picted  in  Figure  22.  The  performance  of  the  cell  was  somewhat  superior  to 
that  of  Cell  TB-18-CVS.  Even  at  the  higher  charge  rate  of  2  mA/cm2,  the 
rate  of  decrease  in  capacity  with  cycle  number  was  less  than  that  in  TB-18- 
CVS .  This  is  probably  due  to  the  higher  conductivity  of  the  2Me-THF:THF(50:50) 
/LiAsFg  solution.  Cathode  utilizations  of  50  and  40%  have  been  obtained  at 
the  100th  and  170th  cycles,  respectively.  Moreover,  when  the  current  density 
at  the  177th  cycle  was  reduced  to  0.5  mA/cm2,  the  utilization  increased  to 
nearly  58%  and  remained  fairly  steady  at  this  value  in  the  next  several 
cycles.  As  in  the  previous  cell,  increasing  the  current  density  to  2  mA/cm2 
after  the  low  rate  cycling  resulted  in  a  lower  utilization  of  the  same 
level  as  in  the  high  rate  discharges  prior  to  the  low  rate  cycles. 


A  noteworthy  aspect  of  the  results  from  Cell  TB-14-CVS  is  that  a 
respectable  cycling  efficiency  for  the  Li  electrode  has  been  achieved  in 
the  50:50  2Me-THF/THF  (LiAsFg,  1.5M)  electrolyte.  The  Li  cycling  effi¬ 
ciency  was  93%. 


Cell  TB-20-CVS  ran  152  deep  discharge  cycles  before  being  termi¬ 
nated.  The  data,  plotted  as  percent  utilization  versus  cycle  number,  are 
given  in  Figure  23.  The  cycling  was  performed  at  1.5  mA/cm2  for  both  dis¬ 
charge  and  charge  between  limits  1.6  and  3.1  volts.  In  cycles  79  and  80, 
the  0.5  mA/cm2  capacity  was  evaluated.  Furthermore,  at  cycle  134  the  cur¬ 
rent  density  was  reduced  to  0.5  mA/cm2  and  the  rest  of  the  cycling  was 
performed  at  this  rate.  A  few  cycles  of  this  cell  are  given  in  Figure  24. 

The  very  high  cathode  utilization  of  nearly  90  percent  obtained  in 
the  first  discharge  declines  fairly  rapidly  in  the  first  ten  cycles.  The 
capacity  faded  at  a  rate  of  ~2%  per  cycle.  Subsequent  capacity  loss  is 
more  gradual  and  occurred  at  a  rate  of  —0.4%  per  cycle  between  the  10th 
and  50th  cycle.  The  capacity  loss  rate  becomes  even  less  subsequently. 

The  0.5  mA/cm2  utilization  in  the  80th  cycle  is  65%,  identical  to  that  in 
the  20th  cycle,  obtained  at  the  higher  rate.  In  fact,  the  0.5  mA/cm2 
utilization  even  in  the  135th  cycle  is  61%. 
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lization 


Typical  cycles  for  Cell  TB-18-CVS  ( 2Me-THF/l . 3M  LiAsFg) .  Cycling  limits 
3.1  volts,  id  =  2mA/cm2,  ic  =  mA/cm2. 


1 77  10 


(A)  lVIiN310d 


Fig.  22.  Typical  cycles  for  Cell  TB-19-CVS  (50:50  THF/2Me-THF/1.5M  LiAsFg) 

id  =  ic  =  2  mA/cm2  for  cycles  10  and  101 
id  =  ic  =  0.5  mA/cw^  for  cycle  177 
Cycling  limits:  1.6-3. 1  volts 


Nouvznun  iN33H3d 


Fig.  23.  Capacity  versus  cycle  number  for  Cell  TB-20— CVS. 

Except  where  noted,  id  *  ic  *  1.5  mA/cm^.  Voltage 
limits,  1. 6-3.1V. 


3.4.2  Detailed  Analysis  of  the  Cycling  Data  of  TB-18-CVS, 
TB-19-CVS  and  TB-20-CVS _ _ _ _ 


In  order  to  gain  further  insight  into  the  causes  of  capacity  loss 
with  cycling,  a  detailed  analysis  of  the  first  fifty  cycles  of  the  three 
cells  was  carried  out.  For  cycles  beginning  with  the  second  cycle  of  each 
cell,  the  cathode  utilization  was  calculated  as  percentage  of  the  recharge 
capacity  in  the  preceeding  charge  half-cycle.  In  the  first  fifty  cycles  of 
all  three  cells,  this  utilization  is  a  nearly  constant  100%.  This  shows 
that  the  apparent  loss  in  cathode  utilization  with  cycling  is  related  to 
the  difficulty  in  recharging  a  fraction  of  the  capacity  discharged  in  each 
cycle.  Evidently,  the  discharge  rate  capability  of  the  cathode  material 
remains  unchanged  with  cycling.  On  the  other  hand,  a  fraction  of  the  dis¬ 
charged  material  is  not  recharged,  especially  in  the  early  cycles.  The 
results  show  that  the  presently  employed  mode  of  recharge  of  these  cells  is 
not  ideal. 

The  observed  behavior  can  be  explained  as  follows.  Discharge  of 
Cro.5Vo.5S2  results  in  an  expansion  of  the  cathode.  Upon  recharge,  the 
disulfide  lattice  contracts,  but  the  shape  acquired  by  the  electrode  at  the 
end  of  discharge  may  not  change.  Towards  the  end  of  charge,  a  fraction  of 
the  material  loses  particle-to-particle  or  particle-to-grid  contact  and 
becomes  electrically  isolated.  In  the  next  discharge,  however,  the  particles 
regain  contact  because  of  the  lattice  expansion.  Thus,  the  discharge  rate 
capability  remains  unchanged. 

It  should,  however,  be  noted  that  the  utilization  calculated  as 
percent  of  recharge  does  show  decreases  with  extended  cycling,  i.e.,  >100 
cycles,  suggesting  that  extensive  physical  changes  of  the  electrode  with 
repeated  cycling  affect  the  discharge  rate  also.  Another  factor  affecting 
the  later  discharge  rate  capability  may  be  limitations  at  the  Li  electrode, 
such  as  the  formation  of  resistive  films,  as  well  as  increases  in  cell 
resistance. 


3.4.3  Cells  TB-9-CVS  and  TB-10-CVS 


The  specif ications  of  these  cells  have  already  been  given  in  Table 
6.  The  first  five  cycles  of  these  cells  correspond  to  the  rate/capacity 
studies  discussed  in  Section  3.3.1.  Extended  cycling  of  these  cells  began 
with  cycle  No.  6. 


Beginning  with  cycle  6,  Cell  TB-9-CVS  was  cycled  at  3  mA/cm2  for 
both  discharge  and  charge.  The  capacity  as  seen  in  Figure  25  rapidly  de¬ 
clined  with  cycling,  diminishing  to  ~20%  of  the  theoretical  by  the  15th 
cycle.  There  was  no  further  change  until  the  19th  cycle.  The  current 
density  for  recharge  was  then  reduced  to  1  mA/cm2.  As  a  result,  the  cath¬ 
ode  utilization  as  a  result  increased  to  0.56  Li/Cro.5vo.5S2.  The  capacity 
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remained  steady  at  this  value  for  the  next  18  cycles.  Cycles  39-44  were 
obtained  at  1  mA/cm2  for  both  discharge  and  charge.  The  cathode  utiliza¬ 
tion  was  a  steady  0.72  Li/Crg . 5V0 . 5S2.  Further  cycling  at  rates  of  3  mA/cm2 
for  discharge  and  1  mA/cm2  for  charge  led  to  decreasing  cathode  utiliza¬ 
tions.  Nevertheless,  a  capacity  of  0.74  Li/Crg. 5V0.5S2  was  obtained  at  the 
63rd  discharge  when  the  current  density  was  reduced  to  0.5  mA/cm2  for  both 
discharge  and  charge. 


The  results  with  Cell  TB-9-CVS  reinforce  the  conclusions  presented 
in  the  previous  section.  Li/Cro . 5V0 . 5S2  cells  with  ~20  w/o  carbon  in  the 
cathode  can  be  discharged  at  relatively  high  rates  with  good  utilizations. 
However,  the  recharge  rates  have  to  be  relatively  low  in  order  to  maintain 
these  capacities  over  a  large  number  of  cycles. 


The  cycling  data  for  Cell  TB-10-CVS,  containing  30  w/o  carbon  in  the 
positive  electrode,  are  presented  in  Figure  26.  The  cell  was  cycled  at  2 
mA/cm2  for  both  discharge  and  charge  between  voltage  limits  of  1.6  and 
3.2V.  The  results  are  quite  similar  to  that  obtained  with  Cell  TB-18-CVS. 
It  is  apparent  that  the  utilizations  during  long-term  cycling  in  a  cathode 
with  30  w/o  carbon  is  not  better  than  those  achieved  in  cathodes  with  20 
w/o  C. 


3.4.4  Cycling  of  Cells  TB-21-CVS  and  TB-22-CVS 

The  cathode  in  Cell  TB-21-CVS  had  only  15  w/o  C.  The  cell  was  ini¬ 
tially  cycled  between  voltage  limits  of  1.6  and  3.1V,  at  current  densities 
of  2  and  1.5  mA/cm2  respectively  for  discharge  and  charge.  As  seen  in 
Figure  27,  the  performance  of  the  cell  is  inferior  to  that  of  Cell  TB-18- 
CVS  containing  20  w/o  carbon  in  the  cathode.  After  62  cycles,  the  current 
density  was  reduced  to  0.5  mA/cm2  which  resulted  in  an  increase  in  the 
utilization  to  nearly  70%  of  the  theoretical.  Beginning  with  the  68th 
discharge,  the  effect  of  overdischarge  on  cycling  was  evaluated  (see  later). 

In  Cell  TB-22-CVS  the  effect  of  10  w/o  TiS2»  instead  of  the  same 
amount  of  carbon  in  the  cathode  matrix,  on  the  cycling  of  Crg.5V0.5S2  was 
evaluated.  The  cell  had  a  theoretical  capacity  of  260  mAh  (227  mAh 
Cro.5Vg.5S2  and  33  mAh  TiS2) .  It  was  initially  cycled  at  2  mA/cm2  for  both 
discharge  and  charge,  between  limits  of  1.6  and  3.2  volts.  The  cycling 
data  are  shown  in  Figure  28.  Typical  cycles  of  the  cell  are  depicted  in 
Figure  29.  The  initial  cathode  utilization  was  90%  of  the  theoretical 
which  is  similar  to  that  normally  obtained  with  a  cathode  containing  20  w/o 
C.  In  the  early  stages  of  cycling  the  capacity  decreased  relatively  rapid¬ 
ly  so  that  by  the  17th  cycle  the  utilization  was  —60%  of  the  theoretical. 
Beginning  with  the  18th  cycle  the  charge  current  density  was  reduced  to  1.5 
mA/cm2.  This  resulted  in  a  temporary  increase  in  the  discharge  capacity, 
manifested  by  a  utilization  of  70%  in  the  18th  discharge.  The  utilization 
in  the  19th  discharge  was  63%.  Subsequent  to  this,  the  capacity  fade  rate 
was  more  gradual.  Cathode  utilization  of  50%  and  45%  were  obtained  in  the 
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5-4  mA/cm2 


Fig.  26.  Capacity  versus  cycle  number  of  Cell  TB-10-CVS.  Voltage  limits:  1.6-3.2V. 


Cycling  data  for  Cell  TB-21-CVS.  Current,  id  =2  mA/cm2,  ic  =  1.5  mA/cm2 
except  where  noted.  Voltage  limits  1.6-3. IV. 


Typical  cycles  for  Cell  TB-22-CVS.  Cycle  7,  id  -  ic  «  2  mA/cmS  volta< 
limits  *  1.6-3. 2V;  for  cycles  48  and  70,  id  ■  2  mA/crn^,  ic  ■  1.5  mA/cm' 
voltage  limits  *  1.6-3.1V. 


50th  and  70th  cycles  respectively.  The  cycling  behavior  exhibited  by  this 
cell  is  not  significantly  different  from  that  shown  by  cells  containing  20 
w/o  C  in  the  cathode.  On  the  average,  the  utilization  in  the  cell  is  about 
5%  lower  than  in  cells  containing  20  w/o  C.  In  order  to  establish,  beyond 
doubt,  the  beneficial  effect  of  TiS2  further  work  would  be  necessary. 

Therefore,  all  further  studies  in  the  present  program  have  been  limited  to 
cathodes  with  20  w/o  C,  10  w/o  T  and  70  w/o  Cro.5Vo.5S2- 

3.4.5  Cycling  of  Cells  at  Less  than  100>  Depth  of  Discharge 

Two  cells,  TB-25-CVS  and  TB-26-CVS ,  both  with  a  cathode  composition 
of  70  w/o  Cro.5Vo.5S2,  20  w/o  C  and  10  w/o  Teflon  and  containing  2Me-THF/ 

LiAsFg (1. 4M) ,  have  cycled  at  a  current  density  of  1  mA/cm2.  The  depth  of 
discharge  (DOD)  in  TB-25-CVS  was  30%  of  the  theoretical  and  that  in  TB-26- 
CVS  was  60%  of  the  theoretical.  After  every  20  cycles,  the  cell's  capacity 
corresponding  to  100%  DOD  was  determined  by  discharging  it  to  1.6V  at  0.5 
mA/cm2.  Figure  30  depicts  the  data  for  Cell  TB-25-CVS.  The  figure  displays 
the  100%  DOD  capacity  obtained  after  every  20,  30%  DOD  cycles.  Note  that 
the  100%  DOD  capacity,  which  is  -0.9  eVCro.5Vo.5S2  initially,  levels  off 
to  -0.75  eVCro.5Vo.5S2  by  the  50th  cycle  and  diminishes  to  ~0.7  e“/ 

Cro.5Vo.5S2  by  the  150th  cycle.  This  behavior  is  not  significantly 
different  from  that  seen  in  cells  continuously  cycled  at  100%  DOD.  In  TB- 
26-CVS,  cycled  at  60%  DOD,  the  full  cathode  capacity  after  50  cycles  was 
0 . 68e ~/Cr 0 . 5vo . 5S2 ,  while  the  full  cathode  capacity  in  TB-25-CVS  after  an 
equivalent  number  of  cycles  was  0.75  e“/Cro. 5V0. 5S2.  The  difference  is 
relatively  small. 

The  above  data  indicate  that  in  low  to  moderate  rate  cycling,  the 
capacity  fade  rate  seen  in  these  cells  is  more  or  less  independent  of  the 
depth  of  discharge. 

3.5  Analysis  of  Cycled  Cells 

Some  of  the  cells  have  been  opened  after  cycling  and  analyzed  in 
order  to  assess  cathode  integrity  and  extent  of  electrolyte  degradation. 
Analytical  results  of  cells  which  have  been  subjected  to  overdischarge  and 
overcharge  are  discussed  in  the  next  section. 

The  X-ray  data  for  cathodes  from  cells  TB-19-CVS  (see  Fig.  20)  and 
TB-2Q-CVS  (see  Fig.  23)  are  given  in  Table  9.  Both  cells  had  been  ter¬ 
minated  at  the  end  of  a  charge  at  a  low  rate.  The  lines  observed  at 
-8.7  and  4.9  X  in  both  of  the  cathodes  are  the  strongest  lines  due  to 
Shawinigan  carbon.  The  line  at  2.32  £  in  the  cathode  from  TB-19-CVS 
appears  to  be  due  to  LiF.  The  LiF  lines  have  been  found  in  forced 
overdischarged  cathodes  also  (see  below). 

The  rest  of  the  lines  in  the  pattern  of  TB-19-CVS  are  due  to  Cro.5Vo.5S2- 
The  pattern  of  TB-20-CVS  can  be  assigned  to  a  mixture  of  Cro.5Vo.5S2  and 
LixCr0.5v0,5s2- 
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Table  9 

X-Ray  Data  of  Cycled  Cathodes  from  Cells  TB-19-CVS  and  TB-20-CVS 


Cathode  from  TB-19-CVS 

Cathode 

From  TB-20-CVS 

Shawiniqan  C 

o 

d(A) 

1 (obs) 

o 

d(A) 

1 (obs) 

o 

d (A)  1 (obs) 

8.7 

30 

8.5 

50 

8.8  (diffuse) 

S.64 

80 

5.86 

100 

4.87 

20 

4.92 

20 

4.90  VS* 

2.78 

10 

2.88 

10 

3.46  S,Vbr* 

2.51 

100 

2.79 

10 

2.32 

40** 

2.60 

100 

2.00 

90** 

2.51 

100 

1.64 

10 

2.06 

50 

1.57 

10 

1.99 

60 

1.42 

20 

1.61 

40 

1.57 

20 

1.54 

10 

1.42 

10 

1.  35 

10 

1.25 

10 

*VS, 

••Also 

very  strong,  Vbr 
strongest  lines 

,  very  broad; 
of  LiF.  See 

S,  strong. 

Table  11. 
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The  X-ray  data  show  that  the  chemical  integrity  of  Cro.5v0.5s2  does 
not  change  with  extended  cycling.  Thus,  for  example,  the  X-ray  data  of 
none  of  the  cycled  cathodes  showed  any  evidence  for  a  reduction  of 
^-r0.5v0.5®2  forming  Li2S.  The  fact  that  the  cycled  TB-20-CVS  cathode  con¬ 
tains  both  Cro<5Vo5S2  and  LixCro# 5v0 , 5S2  suggests  physical  isolation  of 
some  of  the  discharged  cathode  material  in  the  electrode  matrix,  eventually 
loosing  contact  with  the  bulk  of  the  material.  This  is  in  agreement  with 
the  cycling  data  which  suggest  that  a  major  reason  for  capacity  fading  with 
extended  cycling  is  the  difficulty  in  recharging  a  fraction  of  the  dis¬ 
charged  material. 

The  presence  of  LiF  in  TB-19-CVS  probably  has  come  from  the  reduc¬ 
tion  of  LiAsFg.  It  thus  appears  that  some  eduction  of  LiAsFg  probably 
occurs  during  extended  cycling.  Since  there  is  no  evidence  for  LiF  in  TB- 
20-CVS,  cycled  essentially  the  same  extent,  it  appears  that  this  reduction 
is  a  minor  process.  It  is  noteworthy  that  in  Cell  TB-19-CVS,  the  elec¬ 
trolyte  was  50:50  THF/2Me-THF/LiAsFg.  The  conductivity  of  the  electrolyte 
recovered  from  the  various  cells,  shown  in  Table  10,  indicates  very  little 
change  from  fresh  solutions. 


The  UV-visible  spectrum  of  the  electrolyte  from  TB-20-CVS,  is  shown 
in  Figure  31.  The  adsorptions  at  about  280  nm  are  due  to  electrolyte  deg¬ 
radation  products.  Fresh  2Me~THF/LiAsFg  solutions  do  not  have  any  adsorp¬ 
tions  at  wavelengths  higher  than  250  nm. 


Effects  of  Overcharge  and  Overdischarge  on  Cycle  Performance 


3.6.1  Overcharge 


The  effect  of  overcharge  on  cell  cycle  performance  was  evaluated 
with  Cells  TB-18-CVS  and  TB-22-CVS.  Figures  20  and  28,  respectively,  de¬ 
pict  the  cycling  history  of  these  cells  prior  to  the  overcharge  experi¬ 
ments. 


3. 6. 1.1  Cell  TB-18-CVS 

Overcharge  of  TB-18-CVS  began  with  cycle  102.  Thirteen  cy¬ 
cles  were  obtained  at  the  voltage  limits  of  1.6-3. 5  volts.  The  discharge 
current  was  40  mA  (2  mA/cm2)  and  the  charge  current  was  30  mA  (1.5  mA/cm2) . 
A  typical  charge  curve  to  3.5V  is  shown  by  the  102nd  charge  given  in  Figure 
32.  The  charge  beyond  3.1V  is  characterized  by  a  sloping  region  followed 
by  a  very  small  plateau  at  ~3.45V  indicative  of  the  onset  of  a  second 
electrochemical  process.  What  is  interesting  is  that  the  capacity  in  the 
13  cycles  remained  at  about  the  same  value  as  obtained  with  the  3.1V  charge 
limit.  It  appears  that  the  3.5V  charge  limit  does  not  have  a  deleterious 
effect  on  cell  performance. 
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Table  10 


Conductivity  of  Electrolyte  Recovered  from  Cycled  Cells 


Cell  Number 

Specific  Conductivity  of 
Electrolyte 
(ftcm) 

Charge  Passed/ml  of 
Electrolyte 
..  (Ah)1 

TB-19-CVS2 

8.8  x  io-3 

4.1 

TB-20-CVS 

3.34  x  10-3 

~3.8 

TB-21-CVS3 

4.1  x  10"3 

~1.7 

TB-22-CVS3 

3.62  x  10~3 

-2.4 

^Cathodic  +  anodic  charge. 

21:1  THF/2Me-THF/LiAsFg ( 1 . 5M) ,  all  others  2Me-THF/LiAsF6 (1. 3M) . 
^Discussion  of  these  cells  are  presented  in  the  next  section. 
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Absorbance 


TB-22-CVS 


TB-21-CVS 


TB-20-CVS 

TB-19-CVS 


Fig.  31.  UV-visible  spectra  of  electrolyte  from 
cycled  cells. 


Beginning  with  the  115th  charge,  the  charge  limit  was  increased  to 
4V.  As  seen  in  Figure  32,  a  substantial  charge  capacity  was  obtained  be¬ 
tween  3.5  and  4V.  A  portion  o£  this  charge  capacity  is  most  probably  due 
to  electrolyte  oxidation.  However,  some  oxidation  of  the  sulfide  may  also 
occur.  This  is  indicated  by  a  change  in  the  shape  of  the  following  dis¬ 
charge  curve  which  does  not  have  the  curvature  seen  in  the  earlier  dis¬ 
charges.  Instead,  the  discharge  exhibits  a  linear  voltage  profile  with  a 
larger  slope.  There  was  also  an  increase  in  the  capacity  of  the  discharge 
tol.6V.  Five  cycles  were  obtained  with  this  charge  limit.  The  cell  did  not 
fail.  Rather,  it  showed  a  tendency  to  perform  better.  The  utilization 
increased  to  greater  than  60%  by  the  121st  discharge.  It  should  be  noted 
that  potential  profiles  of  the  portion  of  the  charge  between  3.5  and  4V 
showed  significant  changes  on  going  from  the  115th  to  121st  cycle. 

3. 6. 1.2  Cell  TB-22-CVS 

Overcharge  of  TB-22-CVS  began  with  cycle  71.  Typical  cycles 
corresponding  to  the  various  overcharge  regions  are  given  in  Figure  33. 

Cycles  71  to  78  were  performed  with  a  charge  limit  of  3.5V  and  a  discharge 
limit  of  1.6V.  The  current  densities  were  2  mA/cm2  for  discharge  and  1.5 
mA/cm2  for  charge.  The  utilization  remained  at  a  relatively  constant  55% 
in  the  seven  cycles  from  72-78.  The  data  reinforce  the  findings  in  Cell 
TB-18-CVS  that  a  charge  limit  of  3.5V  does  not  have  a  deleterious  effect  on 
the  performance  of  the  cell. 

Cycles  79  to  87  were  performed  with  a  charge  limit  of  3.7V  and  a 
discharge  limit  of  1.6V.  The  current  densities  were,  again,  2  and  1.5 
mA/cm2  for  discharge  and  charge  respectively.  Again,  there  was  no  adverse 
effect  of  the  higher  charge  limit  on  cell  performance.  The  utilization  was 
a  nearly  constant  55%  up  to  the  87th  discharge. 

Between  cycles  88  and  103,  the  charge  limit  was  maintained  at  4V. 

The  other  parameters  were  the  same  as  in  the  above  cases.  The  capacity 
showed  a  gradual  increase,  reaching  nearly  0.7e~/Crg.5Vo.5S2  (70%  of  the 
theoretical)  by  the  92nd  cycled.  Thereafter,  the  utilization  remained 
relatively  constant  such  that  it  was  still  67%  at  the  103rd  discharge.  It 
appears  that  a  charge  limit  of  4V  does  not  have  an  immediate  adverse  effect 
on  cell  performance. 

Cycles  104  to  107  were  performed  with  a  charge  limit  of  4.5V.  Again, 
there  was  not  any  immediately  noticeable  adverse  effect  of  the  higher  voltage 
limit  on  cell  performance. 

The  results  of  the  overcharge  experiments  indicate  that  Li/Cro. 5V0. 5S2 
cells  with  2Me-THF/LiAsFg  can  be  overcharged  without  an  immediate  adverse 
effect  on  the  cell's  cycling  performance. 
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Fig.  33.  Typical  overcharge  cycles  for  cell  number  TB-22-CVS. 
id  =  2  mA/cm2,  ic  =  1.5  mA/cm2. 


3.6.2  Analysis  of  Overcharged  Cells 


The  UV-visible  spectrum  of  the  electrolyte  from  the  repeatedly  over¬ 
charged  Cell  TB-22-CVS,  shown  in  Figure  31,  indicates  that  the  overcharge 
leads  to  extensive  electrolyte  degradation.  Despite  this  degradation,  the 
overcharge  does  not  have  an  immediate  adverse  effect  on  the  cell’s  per¬ 
formance.  It  is  noteworthy  that  the  conductivity  of  the  electrolyte  (Table 
10) ,  recovered  from  Cell  TB-22-CVS  is  nearly  identical  to  that  of  fresh 
solutions. 

3.6.3  Overdischarge 

The  effect  of  a  discharge  below  the  normal  cutoff  of  1.6V  on  the 
performance  of  the  cell  was  evaluated  in  Cell  TB-21-CVS.  The  data  for  the 
first  67  cycles  of  the  cell  was  given  in  Figure  27.  In  the  68th  discharge, 
the  discharge  voltage  limit  was  lowered  to  1.0V.  The  discharge  is  shown  in 
Figure  34.  It  is  characterized  by  an  additional  plateau  beginning  at  ~1.5V, 
The  adverse  effect  of  the  overdischarge  on  the  cell's  cycling  ability  is 
clearly  indicated  by  the  immediate  failure  of  the  cell.  The  results 
indicate  that  Li/Cr0 . 5V0.5S2  cells  with  2Me-THF/LiAsF6  should  not  be  dis¬ 
charged  below  ~1.5V. 

3.6.4  Analysis  of  Overdischarged  Cells 

The  conductivity  of  the  electrolyte,  recovered  from  Cell  TB-21-CVS 
indicates  that  the  electrolyte  conductivity  has  changed  very  little  due  to 
the  overd^scharge.  Similarly,  the  UV-visible  spectrum,  shown  in  Figure  31, 
is  identical  to  that  of  electrolytes  from  cells  which  have  been  extensively 
cycled  between  the  limits  of  1.6  and  3.1  volts. 

The  X-ray  diffraction  pattern  of  the  cathode  from  Cell  TB-21-CVS  is 
more  informative  with  respect  to  the  processes  which  occur  during  over¬ 
discharge.  The  X-ray  pattern  is  shown  in  Table  11.  The  cathode  had  been 
washed  with  diethyl  ether  to  remove  any  adhering  LiAsFg.  As  mentioned 
earlier,  the  lines  at  4.90  and  8.5  X  are  most  probably  due  to  the  Shawini- 
gan  carbon.  Among  others,  all  lines  except  those  at  2.32  and  2.01  X  are 
due  to  LiCro.5Vo.5S2-  The  lines  at  2.32  and  2.01  8  are  the  strongest  lines 
in  the  pattern  of  LiF  (see  Table  11).  The  X-ray  data  show  no  evidence  for 
Li2S. 


It  appears  that  a  predominant  process  in  the  overdischarge  between 
1.5  and  1.0V  is  the  reduction  of  the  salt,  producing  LiF.  The  relatively 
small  change  in  the  conductivity  of  the  solution  is  probably  due  to  the 
fact  that  the  coulombic  capacity  of  the  overdischarge  is  relatively  small 
in  comparison  to  the  amount  of  electrolyte  present  in  the  cell.  The  X-ray 
data  seem  to  suggest  that  the  cathode  irreversibility  after  the  overdis¬ 
charge  may  have  been  due  to  filming  of  or  deposition  on  the  electrode  of 
insoluble  LiF. 
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Table  11 


X-Ray  Diffraction  Data  of  Cathode  from  TB-21-CVS 


Cathode  from  TB-21-CVS  _ LiF 


o 

(3  (A) 

I (obs) 

O 

d(A) 

1 (obs) 

8.5 

30 

5.98 

100 

4.90 

40 

2.96 

20 

2.64 

100 

2.48 

20 

2.32 

10 

2.32 

95 

2.11 

90 

2.01 

10 

2.01 

100 

1.71 

40 

1.66 

30 

1.44 

10 

1.42 

48 

1.33 

10 

1.19 

10 

1.22 

10 

1.13 

10 

1.16 

11 
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3.7  Electrolytes  with  Improved  Low  Temperature  Performance 


It  is  apparent  from  the  data  presented  in  Section  3.3.2  that  the  low 
temperature  performance  of  cells  with  2Me-THF/LiAsFg  is  very  poor.  The 
results  from  Cell  TB-19-CVS  indicate  that  the  low  temperature  of  the  cells 
can  be  improved  by  blending  2Me-THF/LiAsFg(1.4M)  with  THF.  Further  studies 
of  2Me-THF/LiAsFg  solutions  blended  with  THF,  as  well  as  THF  and  1,2- 
dimethoxy  ethane  (DME)  have  been  carried  out. 

3.7.1  Conductivity  Studies  of  2Me-THF/THF/LiAsFg  Solutions 


Specific  conductivities  have  been  measured  at  25,  0  and  -20°C  for 
2Me-THF/THF/LiAsFg (1. 5M)  solutions  as  a  function  of  the  amount  (volume 
percent)  of  2Me-THF.  The  data  are  presented  in  Figure  35.  The  conduc¬ 
tivity  at  room  temperature  decreases  in  a  linear  fashion  on  going  from  100% 
THF  to  100%  2Me-THF.  A  similar  behavior  is  seen  also  at  0  and  -20°C.  How¬ 
ever,  at  -20°C,  the  solutions  containing  <10  volume-percent  THF  freeze. 

This  freezing  of  the  solution,  more  aptly  termed  crystallization  of 
LiAsFg* (solvent) n  solvates,  explains  the  rather  poor  low  temperature  per¬ 
formance  of  cells  with  2Me-THF/LiAsFg. 

At  each  temperature,  the  50:50  THF/2Me-THF/LiAsFg(l. 5m)  solution  has 
about  twice  the  conductivity  of  2Me-THF/LiAsFg ( 1 . 5M) .  Furthermore,  the 
-20°C  conductivity  of  the  50:50  solution  is  slightly  better  than  the  room 
temperature  conductivity  of  2Me-THF/LiAsFg { 1 . 5M) .  Practical  implications 
of  the  results  are  obvious. 

We  have  also  measured  the  specific  conductivity  of  the  50:50  THF/2Me- 
THF/LiAsFg  solutions  as  a  function  of  the  concentration  of  LiAsFg.  The 
data  are  depicted  in  Figure  36.  The  room  temperature  conductivities  of  THF 
and  2Me-THF  solutions  are  included  for  comparison.  The  highest  conduc¬ 
tivity  in  the  50:50  blend  at  room  temperature  is  observed  at  a  LiAsFg  con¬ 
centration  of  1.5M.  It  is  interesting  to  note  that  the  solutions  in  the 
50:50  blend  with  LiAsFg  concentrations  <1M  do  not  freeze  even  at  -40°C. 
Furthermore,  the  -40°C  conductivity  of  the  1M  LiAsFg  solution  in  the  50:50 
blend  is  practically  identical  to  that  of  the  room  temperature  conductivity 
of  the  2Me-THF/LiAsFg ( 1-1. 2M)  solutions. 

3.7.2  Conductivity  Studies  of  THF/2Me-THF/DME/LiAsFg  Ternary  Solutions 


Conductivity  measurements  of  three  ternary  electrolyte  solutions, 

THF (50  v/o) :2Me-THF(40  v/o):DME(10  v/o)/1.5M  LiAsFg,  THF(50  v/o) :2Me-THF(30 
v/o) :DME ( 20  v/o)/1.5M  LiAsFg,  and  THF(50  v/o) :2Me-THF(20  v/o) : DME (30  v/o)/1.5M 
LiAsFg  have  been  carried  out  over  the  temperature  range  of  -40  to  25°C. 

The  data  are  plotted  in  Figure  37.  The  conductivities  of  THF(50  v/o) :2Me- 
THF ( 50  v/o)/1.5M  LiAsFg  measured  over  the  same  temperature  range  are  included 
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Volume  %  2ME-THF 


Specific  conductivity  (X  10_3n-I  cm*1) 


Fig.  36.  Conductivity  of 
50:50  2Me-THF/THF  (LiAsFg) 
solutions. 
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20 


Pig.  37.  Conductivity  of  ternary  electrolytes  versus  temperature. 

All  solutions  1.5M  in  LiAsFg . 

i 
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for  comparison.  The  dotted  lines  indicate,  approximately,  the  temperature 
regions  where  some  of  the  solutions  freeze.  The  THF(50  v/o) : 2Me-THF(40 
v/o) :DME(10  v/o)/1.5M  LiAsFg  solution  remains  a  fluid  even  at  -40°C. 

Its  conductivity  at  -40°C  is  practically  identical  to  that  of  2Me-THF/1.5M 
LiAsFg  at  25°C.  The  conductivity  data  show  that  the  solution  worthy  of 
further  consideration  is  THF(50  v/o) :2Me-THF(40  v/o) :DME(10  v/o)/1.5M 
LiAsFg.  This  solution  will  hereafter  be  referred  to  as  TMD/LiAsFg (1. 5M) . 

3.7.3  Cell  Studies  in  Blended  Solutions 

The  significant  effect  expected  with  the  blended  solutions  is  im¬ 
proved  low  temperature  performance.  However,  in  order  for  the  solutions  to 
be  useful  in  practical  cells,  the  Li  electrode  must  cycle  with  acceptable 
cycling  efficiencies. 

3. 7. 3.1  Low  Temperature  Performance  of  Cells 

The  improved  low  temperature  performance  of  cells  with  the 
50:50  2Me-THF/THF/LiAsFg ( 1 . 5M)  solution  has  already  been  discussed  (see 
Fig.  15).  Cell  TB-19-CVS  at  -10°C  exhibited  a  capacity  nearly  70%  of  the 
theoretical  at  current  densities  of  1  and  2  mA/cm2.  In  contrast,  the  capa¬ 
city  of  the  2Me-THF/LiAsFg (1. 4M)  cell  at  -10°C  and  2  mA/cm2  is  only  ~14% 
of  the  theoretical  cell  capacity. 

The  rate-capacity  characteristics  of  a  cell  with  TMD/LiAsFg ( 1 . 5M) 
are  shown  in  Figure  38.  The  -30°C  behavior  of  this  cell  is  similar  to  that 
of  the  cell  with  50:50  THF/2Me-THF/LiAsFg ( 1 . 5M)  (see  Fig.  15).  A  cathode 
utilization  of  ~80%  of  the  theoretical  capacity  is  obtained  in  the  present 
cell  at  -30°C  with  a  discharge  rate  of  0.25  mA/cm2.  At  -20°C,  utilizations 
greater  than  60%  have  been  obtained  at  current  densities  of  0.5,  1  and  2 
mA/cm2.  Clearly,  this  is  a  significant  improvement  over  2Me-THF/LiAsFg (1.4M) . 

3. 7. 3. 2  Li  Electrode  Cycling  Efficiencies 

The  Li  electrode  cycling  efficiency  in  50:50  THF/2Me-THF/LiAsFg 
(1.5M)  has  been  calculated  from  the  data  in  Figure  20,  obtained  with  TB-19- 
CVS.  The  cycling  efficiency  is  93%  (Figure  of  Merit,  FOMLj  =  14).  This  is 
to  be  compared  with  the  typical  FOM^i  of  30-40  in  2Me-THF/LiAsFg (1. 4M) . 
Clearly,  there  is  a  substantial  reduction  of  Li  cycling  efficiency  in  the 
blended  solution.  However,  the  significantly  improved  low  temperature 
performance  of  the  cells  would  make  this  solution  desirable  for  applications 
where  some  cycle  life  of  the  cell  could  be  sacrificed  for  better  low  tempera¬ 
ture  performance. 

The  room  temperature  cycling  behavior  of  a  cell  with  TMD/LiAsFg (1. 5M) 
is  depicted  in  Figure  39.  Typical  cycling  curves  are  shown  in  Figure  40. 

This  cell  is  to  be  compared  with  TB-19-CVS  (Fig.  20).  Note  that  the  capacity 
in  this  cell  faded  to  less  than  50%  of  the  theoretical  by  the  50th  cycle 
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%  CATHODE  UTILIZATION 


Fig.  38. 


Cathode  utilization  (%)  versus  current  density 
for  a  I-i/CrQ  ^Vp  5S2  cell  at  -30,  -20  and  0°C. 
The  electrolyte  is  TMD/1.5M  LiAsF6. 
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Fig.  40.  Typical  cycling  curves  of  a  LiZCro.5Vo.5S2  cell 
TMD/LiAsFg (1 . 5M) .  Current  density,!  mA/cm2. 


and  the  cell  failed  completely  by  the  70th  cycle.  The  cycling  efficiency 
of  the  Li  electrode  corresponds  to  only  ~80%  (F0MLi  *  ~5) . 

In  conclusion,  the  limited  amount  of  work  carried  out  in  this  pro¬ 
gram  has  shown  that  the  low  temperature  performance  of  cells  with  2Me- 
THF/LiAsFg  solutions  can  be  improved  by  judiciously  blending  the  electro¬ 
lyte  with  a  second  ether  component  such  as  THF.  The  50:50  THF/2Me-THF/ 
LiAsFg ( 1 . 5M)  solution  appears  to  be  suitable  for  limited  cycle  life  cells. 
However,  much  further  work  is  needed  to  fully  explore  this  field. 
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4.0  CONSTRUCTION  AND  TESTING  OF  HERMETICALLY  SEALED  HIGH  CAPACITY  CELLS 


Hermetically  sealed,  flat  plate  cells  with  approximately  10  and  20 
Ah  theoretical  capacities  (based  on  1  Li/Cro. 5vo. 5S2^  have  been  constructed. 
Both  of  these  cells  have  the  same  electrode  dimensions;  they  differ  only  in 
the  number  of  electrode  plates.  Two  of  each  type  have  been  built.  The  20 
Ah  cells  have  been  cycled  once  at  EIC  and  then  sent  to  ERADCOM  for  further 
evaluation.  The  two  10  Ah  cells  have  been  cycled  at  EIC. 

4.1  Cell  Features 


A  schematic  of  the  cell  design  is  shown  in  Figure  41.  The  cells 
have  been  fabricated  in  a  commercially  available  stainless  steel  can  (Hud¬ 
son  Tool  and  Die  Company,  Inc.,  Can  No.  76401).  A  readily  available  can 
off-the-shelf  was  chosen  because  of  the  limited  number  of  cells  being 
produced.  The  cans  therefore  are  heavier  (wall  thickness,  36  mil)  than 
would  be  desirable  in  cells  for  field  applications.  A  can  with  its  largest 
face  open  (that  is  the  face  parallel  to  the  electrode  face)  was  chosen 
primarily  because  placement  of  the  electrode  package  in  the  can  is  facili¬ 
tated  since  compression  of  the  package  is  accomplished  after  rather  than 
during  placement  in  the  can.  Another  advantage  is  that  the  cell  capacity 
can  be  changed  without  changing  the  electrode  dimensions  by  cutting  the  can 
to  the  proper  depth. 

4.1.1  Cathodes 

Each  cathode  has  an  arer  of  9.96  x  9.25  cm  =  92.13  cm2/side.  The 
electrode  thickness  ranges  from  0.875  to  1.0  mm.  The  cathode  composition 
is  70  w/o  Cro.5Vo.5S2,  20  w/o  C  (Shawinigan  50*  compressed)  and  10  w/o 
Teflon.  The  cathodes  have  been  fabricated  by  pasting  a  slurry  of  the  cath¬ 
ode  mix  in  decane  on  either  side  of  a  1  mil  thick  pierced  nickel  foil.  The 
decane  from  the  electrode  was  removed  by  prolonged  pumping  in  vacuum  until 
the  electrodes  attained  constant  weight.  A  photograph  of  the  finished 
electrode  is  shown  in  Figure  42. 

4.1.2  Anodes 

Anodes  were  prepared  by  pressing  15  mil  Li  foil  onto  each  side  of  an 
expanded  Ni  screen.  The  tab  consisted  of  1  mil  thick,  0.2  inch  wide  Ni 
strips  welded  on  one  edge  of  the  screen  and  extending  to  the  length  of  the 
grid. 


4.1.3  Assembly 

Anodes  and  cathodes  were  heat-sealed  in  bags  of  Celgard  2400  sepa¬ 
rator.  They  were  alternatively  stacked  into  the  cell  case.  The  latter 
contained  a  layer  of  a  FEP  membrane  insulator.  The  electrode  tabs  were 
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1.  Hudson  can  No.  7640 

2.  Negative  electrode 

3.  Glass  to  metal  seal 

4.  Negative  terminal 

5.  Lead  to  negative  terminal 

6.  Positive  terminal 

Fig.  41.  Schematic  of 


7 .  Can-cover  weld 

8.  PTFE  sheet 

9.  Leads  to  positive  terminal 

10.  Alternating  electrodes  with 
Celgard  2400  between  each 
pair 

11.  Celgard  2400 

flat  plate  secondary  Li  battery. 
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joined  to  the  bus  bar  comb  by  TIG  welding.  The  completed  electrode  stack 
assembly  was  compressed,  the  cover  secured  by  spot  welds  and  subsequently 
hermetically  sealed  by  TIG  welding.  The  cells  were  filled  with  electrolyte 
after  evacuation.  Subsequently,  the  fill  holes  were  hermetically  sealed  by 
TIG  welding.  A  picture  of  the  assembled  cell  without  the  cover  is  shown  in 
Figure  43.  The  finished  cell  is  shown  in  Figure  44. 

4.2  The  20  Ah  Cells 

Each  cell  comprises  14  cathode  and  15  anode  plates.  The  theoretical 
cell  capacity  is  ~20  Ah  based  on  leVCrg^ gVg. 5S2.  The  cell  is  rated  for 
15  Ah  or  75%  of  the  theoretical  capacity.  The  specifications  of  the  20  Ah 
cells,  Cell  285-011  and  285-013,  are  listed  in  Table  12.  One  cell  was 
filled  with  2Me-THF/LiAsFg (1. 4M) .  The  other  cell  was  filled  with  the  high 
rate  solution,  50:50  THF/2Me-THF/LiAsFg (1. 5M) . 

4.2.1  Performance  of  the  20  Ah  Cells 

Both  cf  the  cells  were  cycled  once  at  1A  (0.39  mA/cm^)  between  volt¬ 
age  limits  of  1.6V  and  3.1V.  The  cells  delivered  19.7  Ah  and  18.5  Ah 
respectively.  The  cycling  curves  are  given  in  Figures  45A  and  45B.  The 
realized  capacities  correspond  to  >92%  of  the  theoretical  cathode  capa¬ 
cities. 


4.2.2  Further  Evaluation  of  20  Ah  Cells 


The  two  cells  have  been  sent  to  ERADCOM  for  further  evaluation. 
4.3  The  10  Ah  Cells 


The  specifications  of  the  10  Ah  cells  are  shown  in  Table  13.  Cell 
No.  285-014  was  filled  with  2Me-THF/LiAsFg (1. 4M)  and  Cell  No.  285-015  was 
filled  with  50:50  2Me-THF/THF/LiAsFg ( 1 , 5M) . 

4.3.1  Cycling  of  10  Ah  Cells 

Initially,  the  cells  were  cycled  at  room  temperature  between  voltage 
limits  of  1.6  and  3.1  with  1A  total  current  (0.54  mA/cm^) .  Both  of  the 
cells  were  subsequently  cycled  at  0°C.  Cell  No.  285-015  with  50:50  THF/2Me- 
THF/LiAsFg ( 1. 5M)  was  cycled  at  -20°C  also.  After  the  low  temperature  rate/ 
capacity  evaluation,  both  of  the  cells  were  subjected  to  extended  cycling 
at  room  temperature  with  a  total  current  of  1A  between  limits  of  1.6  and 

3.1  volts. 

The  data  corresponding  to  the  early  cycles  at  various  temperatures 
are  summarized  in  Tables  14  and  15.  The  cycles  of  Cell  No.  285-015  at  0°C 
and  -20°C  are  depicted  in  Figures  46  and  47. 
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Fig.  43.  Photograph  of  the  cell  without  the  cover. 
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Fig.  44.  Photograph  of  the  finished  20  Ah  cell 
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Table  12 


Specifications  of  Prismatic  20  Ah  Li7Cro.5Vo.5S2  Cells 


Cell  Parameters 

Cell  285-75-011 

Cell  285-75-013 

Cathode 

125. 5g  (70%  CVS,  20%  C, 
10%  PTFE) 

124. 5g  (70%  CVS,  20%  C, 
10%  PTFE) 

Theoretical  Cathode 
Capacity 

20.4  Ah 

20.2  Ah 

Average  Cathode  Thick¬ 
ness/Electrode 

37  mils 

37  mils 

Electrolyte 

1.5M  LiAsF6  in  THF/2Me- 
THF  (1:1)  (144  ml) 

1.4M  LiAsFg  in  2Me-THF 
(148  ml) 

Separator 

Celgard  2400 

Celgard  2400 

Li  Electrode  Capacity  (b) 

219  Ah  (57.2g)<c> 

219  Ah  (57.2  Ah) 

Total  Volume  due  to 
Cathode 

123  ml 

123  ml 

Total  Volume  due  to 

Anode 

105  ml 

105  ml 

Volume  due  to  Separator 

20  ml 

20  ml 

Total  Volume  of  Cell 
Package 

248  ml 

248  ml 

Total  Weight  of  Cell 
Package  including 
Electrolyte 

405g 

410g 

Cell  Resistance 

-15  mft 

~20  mil 

Observed  Capacity  in 

First  Discharge  at  1.0A 
(0.3  mA/cm2) 

19.7  Ah 

18.5  Ah 

Observed  Capacity  in 

First  Charge  at  1.0A 
(0.3  mA/cm2) 

18.6  Ah 

17.7  Ah 

'^Fourteen  per  cell,  each  is  9.96  x  9.25  cm. 

(b) Fifteen  per  cell,  each  with  same  dimensions  as  cathodes. 
(^Designed  for  >  300  cycles  of  95%  Li  cycling  efficiency. 
^ Measured  by  high  frequency  galvanostatic  pulse. 
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Fig.  45-B.  First  cycle  of  Cell  285-75-013 
id  -  ic  *  1 .0A  10.3  mA*cnTz). 


Table  13 


I 


ell  No.  285-015  with  50:50  THF/2Me-THF/LiAsFg ( 1 . 5M)  exhibited  ex-  I 

cellent  discharge  behavior  at  all  the  three  temperatures  of  25,  0  and  ; 

-20°C.  Even  at  -20°C,  the  cell  yielded  a  capacity  of  7.88  Ah  at  the  1A  \ 

rate  which  is  66%  of  the  theoretical.  Cell  No.  285-014  with  2Me-  ; 

THF/LiAsFg { 1. 4M)  yielded  a  capacity  of  only  4.08  Ah  at  0°C  at  the  1A  rate. 

Both  of  the  cells  exhibited  excellent  utilizations  in  the  long-term  ] 

cycling  following  the  low  temperature  tests.  The  data  are  given  in  Figures  j 

48  and  49.  Typical  cycles  are  in  Figures  50  and  51.  As  maintained,  the 
cycling  was  performed  with  a  total  current  of  1A.  Although  this  is  roughly 
equivalent  to  a  C/10  rate,  the  current  density  is  only  0.54  mA/cm^.  The 
electrodes  in  these  cells  have  an  average  thickness  of  30-32  mils  as 
opposed  to  45-50  mils  in  many  of  the  laboratory  test  cells.  It  appears 
that  with  thinner  electrodes  and  maintaining  a  low  current  density,  high 
utilizations  can  be  obtained  in  Cro.5Vg.5S2  cells  over  a  large  number  of 
cycles.  In  Cell  No.  285-014  with  2Me-THF/LiAsFg ( 1 . 4M) ,  the  capacity  in  the 
100th  cycle  is  8.16  Ah  which  is  70%  of  the  capacity  in  the  first  discharge. 

Cycling  of  this  cell  is  continuing.  Cell  No.  285-015  with  50:50  2Me- 
THF/THF/LiAsFg ( 1 . 5M)  showed  signs  of  failure  by  the  60th  cycle  and  more  or 
less  completely  failed  by  the  70th  cycle.  Failure  of  this  cell  has  oc¬ 
curred  due  to  the  limited  cycling  ability  of  the  Li  electrode  in  the 
blended  solution. 

From  the  cycling  data  of  these  two  cells  it  has  been  possible  to 
demonstrate  the  excellent  performance  of  Cro.5Vo.5S2  in  large  capacity 
cells,  as  well  as  to  compare  the  capabilities  of  the  two  major  electrolytes 
investigated  in  this  program. 
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5.0  CONCLUSIONS 


Cro.5Vo.5S2  has  been  characterized  as  a  useful  cathode  material  for 
rechargeable  Li  cells.  It  yields  a  discharge  capacity  equivalent  to  nearly 
leVCro.5Vo.5S2  in  early  cycles  at  low  rates.  The  capacity  which  could  be 
realized  in  long-term  cycling  was  found  to  be  0.7-0.8e~/Cro.5Vo.5S2>  Labo¬ 
ratory  cells  exceeded  200  deep  discharge  cycles.  Although  Cro.5Vo.5S2  and 
its  Li  intercalates  have  been  characterized  as  good  electronic  conductors, 
15-20  weight-percent  carbon  in  the  electrode  matrix  was  found  to  be  neces¬ 
sary  for  optimum  rate  and  rechargeability  of  LiZCro.5Vo.5S2  cells.  Because 
of  this  much  amount  of  carbon  in  the  cathode,  the  volumetric  energy  density 
achieved  in  cells  has  been  signif icantly  lower  than  what  was  anticipated  at 
the  outset  of  the  program.  It  now  appears  that  Cro.5Vo.5S2  may  not  offer 
any  particular  advantage  over  TiS2«  However,  CrQ.5VQ.5S2  provides  higher 
cell  voltages.  The  mid-discharge  voltage  of  Li/Cro. 5V0. 5S2  cells  is  2.3V; 
while  that  of  Li/TiS2  cells  is  2.1V. 

A  major  objective  of  the  program  has  been  development  of  a  tech¬ 
nology  base  for  the  construction  of  large  flat-plate  rechargeable  Li  cells. 
This  has  been  accomplished.  Cells  with  theoretical  capacities  of  10  and  20 
Ah  have  been  constructed  and  tested. 

Preliminary  work  carried  out  on  this  program  has  shown  that  the  low 
temperature  performance  of  2Me-THF/LiAsF$(1.4M)  could  be  improved  by  blend¬ 
ing  this  electrolyte  with  ethers  such  as  THF.  A  particularly  useful  elec¬ 
trolyte  appears  to  be  THF(50  v/o) :2Me-THF(50  v/o)/LiAsFg(1.5M) .  However, 
much  more  work  remains  to  be  done  in  order  to  realize  the  practical  poten¬ 
tial  of  this  new  area  of  study. 
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